Abstract. Heinz A. Lowenstam's discovery in 1967, together with Ken Towe that the magnetite mineral in mature chiton teeth forms from a disordered transient precursor phase, ferrihydrite, remained an isolated curiosity for 30 years. During the last 15 years, many more examples were found in both invertebrates and vertebrates, where the mature crystalline mineral phase is formed through a transient amorphous precursor phase. Here we review this widespread phenomenon, and also describe the details of the transformation process in the formation of the calcitic spicules of the sea urchin larva. We identify many open questions.
Introduction
It was always assumed that organisms produce minerals from saturated solutions -after all how else can minerals form? The possibility that the mineral present in the mature tissue was not necessarily the first precipitate, was certainly considered, following Ostwald's Rule of Stages that states that "the phase with the highest solubility forms preferentially during a sequential precipitation" [1] (p. 86). Furthermore, it is known for more than a century that some organisms somehow produce stable amorphous minerals, such as amorphous calcium carbonate (ACC) and stable amorphous calcium phosphate (ACP), even though they are inherently unstable [2] . These disparate observations came together in the late 1990's when it was first shown that sea urchin larvae form their spicules by producing a transiently stable ACC phase that subsequently crystallizes into a single crystal of calcite [3] . This observation had its beginnings in the 1960's with the discovery of biogenic magnetite by the late Heinz A. Lowenstam.
Historical perspective
The discovery of biologically produced magnetite by Heinz A. Lowenstam in 1962 is now recognized as a milestone in the field of biomineralization [4] . The impact of this discovery was significantly increased a decade or so later when it was found that some bacteria form magnetite on a huge scale [5] . Subsequent studies revealed that magnetite is used by many organisms to navigate using the earth's magnetic field [6] . Magnetite is thus probably the last of the major biogenic minerals to be discovered. In retrospect, there is however perhaps an even more compelling reason why the discovery of magnetite is a major milestone in the field of biomineralization; the subject of this review.
Lowenstam discovered biogenic magnetite in the teeth of chitons; mollusks that grind the surfaces of rocks in order to extract the algae living just below the surface. This process rapidly wears down the teeth and they are replaced by other teeth on an almost daily basis. The chiton thus forms new teeth at the same rate. This tooth production line occurs on a plate-like structure called the radula, and every row of teeth in essence represents about 12 to 48 hrs worth of tooth formation by the surrounding epithelial cells, depending upon the species [2, 7] . Figure 1 is a photograph taken by Lowenstam of part of the radula of the giant chiton from the west coast of North America. The first ten or so rows of teeth are translucent, as the organic framework forms first. The first mineral can be seen as a red ochre color and within a few rows, the # by Oldenbourg Wissenschaftsverlag, München * Correspondence author (e-mail: lia.addadi@weizmann.ac.il) color changes to black. Simple inspection by eye raised the intriguing question whether the initially formed red ochre colored mineral actually transformed into the black magnetite, or whether this is a stable phase that persists unchanged in the mature tooth. The key study proving that it is indeed a transient precursor mineral called ferrihydrite was carried out by Towe and Lowenstam in 1967 [8] . Ferrihydrite is a highly disordered hydrated iron oxide mineral. The detailed dynamics of the transformation process were later worked out by Kirshvinck and Lowenstam [7] . It was subsequently shown that the other major mineral phase in the mature chiton teeth, carbonate hydroxyapatite, also formed via a disordered precursor phase of calcium phosphate (ACP) [9] .
These studies were well known to the biomineralization community, and in 1989 Lowenstam and Weiner listed 6 cases known at that time in which transient minerals were proven or suspected to transform into the mature phase [2] . Lowenstam and Weiner summed up the status of our knowledge by stating that "Bearing in mind the great difficulty in identifying transient precursor forms, the phenomenon may well be widespread" (p. 42). Interestingly one of the 6 cases they listed was the transformation of octacalcium phosphate to carbonate apatite in enamel, dentin and bone [10] .
All this was more or less ignored for almost another decade until Beniash et al. in 1997 showed that the sea urchin larval spicule, composed of calcite, formed via a highly disordered precursor mineral phase called amorphous calcium carbonate (ACC) [3] . ACC is highly unstable in vitro [11, 12] . The discovery that echinoderm larvae form their skeleton through an amorphous precursor phase was followed by a series of studies which showed that echinoderm adults also adopt the same strategy [13] , as do larval mollusks [14, 15] and mature mollusks [16] . Table 1 lists all the cases in which a highly disordered mineral is known or very likely to function as a precursor phase of the crystalline mature mineral. Figure 2 shows a phylogenetic tree for the animal kingdom and designates the phyla where the precursor phase strategy is now known to be used. As examples are present on both of the major arms of the tree, we suspect that this will prove to be an even more widespread phenomenon.
We will discuss the formation of the sea urchin larval spicule in more detail, as this is still probably the best understood mineralization process in terms of the transformation of a precursor phase into a mature crystalline product.
Sea urchin larval skeleton
The sea urchin larva is one of the most thoroughly investigated organisms in terms of its development. Sea urchin larvae are about a hundred microns in diameter (Fig. 3) , and have an [29] internal skeleton that supports the soft tissue. The skeleton is composed of two intricately shaped spicules, the morphologies of which may vary slightly among different species, but are always strictly controlled and reproducible within the same species. The possibility of growing the larvae in synchronized cultures greatly facilitates investigating larval development, including the spicule formation processes (for recent comprehensive reviews, see Wilt [31, 32] ). Surprisingly each spicule behaves optically and crystallographically as a single crystal of calcium carbonate (calcite) [33] , despite the fact that morphologically the spicule bears no resemblance to an inorganic single calcite crystal [34] [35] [36] . This was first observed by light microscopy under polarized light. The single crystal nature of the spicule, as opposed to an aligned array of small crystals, is definitely supported by direct X-ray measurements of the spicule crystallinity [37, 38] . As the mosaic spread values are very small (< 0.1 ) and the coherence lengths quite large (150-300 nm), the crystal is of high quality, and hence it is highly unlikely that the spicule could be a product of multi-nucleational events.
The fracture properties of the spicules differ from those of calcite, because the spicules do not cleave along the 'cleavage rhombohedron' planes characteristic of synthetic and geological calcite. The fracture surface of the spicules has the conchoidal appearance typical of amorphous rather than crystalline minerals [34, 39] (Fig. 4 top) . Thus, although the spicules are single crystals of calcite, their mechanical and textural properties differ from those of synthetic and geological calcite. Furthermore, unlike geogenic calcite crystals the bulk of the spicules is made up of nanospheres some 20-40 nm in diameter (Fig. 4 bottom). Intracrystalline macromolecules are one of several factors that may contribute to the mechanical properties of the spicules. In fact, most of the proteins and glycoproteins that are present within the spicule are not part of an insoluble framework, but are dispersed within the mineral phase [40] . They are preferentially located on certain crystal planes that are more or less parallel to the spicule long axes [37] .
Spicule formation takes place within an enclosed extended space, formed by many cells fusing their membranes, called a syncytium. Within the syncytium, mineral deposition occurs inside a membrane-delineated vacuole [39, 41] . The size and the shape of the syncytium constantly increase and change during growth of the spicule [35, 42] . A freeze-fracture electron microscopy study of the relation between the membrane and the growing spicule showed that the membrane is always juxtaposed to the spicule surface [43] . Thus there is no bulk solution within the vesicle in which the spicule forms. Spicule formation is to a large extent controlled by the shape and properties of the syncytium and the cells are in intimate contact with the forming spicule via the membrane. The first mineral deposit in the syncytium is at the point where three cellular extensions fuse to form the early stage syncytium with a triradiate shape. The first mineral deposits form within a rounded spiculogenic vacuole [42] . Further- more, it was observed using light microscopy that the deposits are birefringent and hence crystalline, and have the shape characteristic of a single crystal of calcite [35, 36] . This calcite crystal grows rapidly to produce 3 extensions aligned with the a crystallographic axes of the calcite crystal, but the surfaces of these extensions are smooth and do not express the stable faces of calcite [44] . At a later stage of spicule growth, one of the radii changes its growth direction by 90 such that it grows along the c crystallographic axis direction. There is thus an interesting interplay between morphological control and crystallographic orientation.
Many questions remain about the manner in which mineral is produced and enters the syncytium, as well as understanding the baffling issue of how a single crystal can assume such a convoluted shape that bears no resemblance to the calcite rhombohedral morphology. Using correlated IR spectroscopy and X-ray diffraction measurements performed on spicules at different stages of growth, Beniash showed that the additional mineral phase added to the growing spicule is actually amorphous calcium carbonate (ACC). With time the ACC transforms into calcite by overgrowth of the initial crystal [3] . There also does not appear to be a well-defined crystalline propagation front, as the presence of crystalline material can be detected all along the spicule by birefringence [43] . It was thus suggested that the crystal/amorphous phase interface forms a diffuse network, rather than a well defined surface. Using X-ray absorption spectroscopy, two amorphous calcium carbonate phases were identified in the spicules [45] . The first, called ACC1, is prominent especially during the initial elongation stages of the spicule. ACC1 is highly disordered and most probably hydrated. ACC1 is markedly unstable and rapidly transforms into the second, most probably anhydrous amorphous phase, ACC2. ACC2 has a short range order within the first coordination sphere around the calcium ions already corresponding to that of calcite, but the individual coordination spheres are disordered relative to each other. The final crystallization event transforming ACC2 into calcite involves the relative rearrangement of these locally ordered coordination spheres into a regular lattice. Politi et al. [46] examined this mineral transformation process using X-ray PhotoEmission Electron spectroMicroscopy (X-PEEM) by studying the surfaces of spicules at a resolution of up to 20 nm squared. They showed that changes from one phase to the other could be detected between adjacent 20 nm pixels, i.e. the changes occur within the distinct spherules that form the mineral texture. It was suggested that the transformation from ACC to calcite proceeds by secondary nucleation that starts on the surface of the central crystal and propagates from one particle to the next following a kind of "percolation" pathway [47] . Using X-PEEM, Gilbert et al. [48] recently examined spicule cross-sections, and showed that the spicule core is already mostly crystalline, while the surface, where new material is constantly added, remains mostly amorphous.
The proportion of amorphous material, as determined by IR peak ratio, continuously increases during development and reaches around 80% in spicules at the pluteus stage [45] . The mature spicules are estimated to still contain approximately 20% amorphous material, which appears to be uniformly distributed throughout the whole spicule, with no evident phase separation boundaries [3] . Although the exact mechanism of preservation of the amorphous component into the crystalline matrix is not yet well understood, its presence may well account, in part, for the lower stiffness, higher strength and smooth fracture surfaces of the material, compared to corresponding crystalline calcite.
A key question is where does the ACC material come from? The cells surrounding the spiculogenic cavity contain granules composed of amorphous calcium carbonate [43, 49] and these are thought to be the sites where the ACC forms. This observation has been confirmed using cryo-SEM (Fig. 5) , showing that the cells adjacent to the L. Addadi, N. Vidavsky and S. Weiner 
Broader implications of a transient precursor phase strategy in biomineralization
We do not know whether all crystalline biogenic minerals can, in principle, form via a transient disordered precursor phase. We have documentation for biogenic magnetite forming from disordered ferrihydrite, calcite and aragonite forming from ACC and most recently carbonate hydroxyapatite forming from a phase of amorphous calcium phosphate (ACP) possibly with an OCP intermediate ( Table 1) . We also know that in a careful study of crystalline goethite formation, no evidence could be found for a disordered precursor phase [50, 51] . Thus we should beware of over generalizing.
The in vivo evidence for bone mineral formation via a disordered precursor phase is based on direct observations of amorphous mineral-bearing vesicles in cells associated with bone formation in zebra fish and embryonic mice [27, 52] . An elemental analysis of the mice vesicles shows that the Ca/P ratio is below 1, implying that the disordered phase is rich in phosphate and could possibly be a polyphosphate, as has been suggested by Omelon et al. [53] based on biochemical evidence and in situ identification within resorbing bone and mineralizing cartilage. We do not know how the mineral in the intracellular vesicles is transported to the extracellular space. The structural observations also show mineral granules without membranes in the preformed extracellular matrix of the bone: these somehow penetrate and then crystallize inside the collagen matrix to form the characteristic arrays of aligned plateshaped crystals with their c axes oriented with the collagen fibril axes. These granules are not thought to be the matrix vesicles which are secreted by certain fast-forming vertebrate mineralizing processes, as the latter are membrane-bound in the extracellular milieu, where they also produce the mineral [54] .
In general, organisms do not let chemical processes proceed uncontrolled down an energetically favored thermodynamic cascade. In the case of mineral formation, this could easily result in uncontrolled mineral products. All the mineralization steps usually occur at well defined points in time, location and development stages, and the products formed by a given species do not vary among individuals. This must also apply to the formation and temporary stabilization of the unstable disordered precursor phases, raising many interesting questions about how biology achieves this difficult goal.
Disordered precursor phases of calcium carbonate form spontaneously in vitro even in undersaturated solutions [55, 56] . The products are approximately 2 nm diameter ion clusters of ACC, which can then aggregate into larger clusters. At some point during the ACC formation process, the biogenic system must inhibit spontaneous nucleation into crystalline phases. This can be achieved by the presence in the disordered phases of small amounts of other atoms, molecules and even macromolecules, which "confuse" the bulk atoms and make it more difficult for them to arrange into regular crystal arrays. There is a so-called "confusion principle" in glass physics that relates to this process [57] . It has been shown in vitro that Mg [58] , phosphate [12] and silicate [59] stabilize ACC. It has also been shown that certain proteins that are extracted from calcium carbonate-containing mineralized tissues can stabilize ACC in vitro either transiently or permanently [17, 25, 60, 61] . In the case of collagen mineralization in vitro, the presence of a polymeric electrolyte such as polyaspartic acid, appears to be required for collagen fibrils to mineralize [62] .
A challenging question is how the precursor phase is destabilized in order to enable crystallization to proceed. The study of the ACP to carbonate hydroxyapatite transformation in chiton teeth shows that this occurs 12 days after the initial formation of the ACP [9] . This raises the possibility that in this case there is a trigger that initiates the process. In the chiton teeth it was also noted that the crystals of carbonate hydroxyapatite that form are aligned with their c axes approximately perpendicular to the surfaces of preformed organic matrices, suggesting that they act as a template for nucleation from the ACP phase [9] . This is also true for the crystallization step of the sea urchin larval calcite (see above). It is an open question whether such a template exists in the bone collagen framework.
Concluding remarks
Heinz Lowenstam had the "gut feeling" that transient precursor mineral phases are important in biomineralization. This was in large part based on his meticulous studies of the radulae of chitons and limpets, where he took full advantage of the fact that the mineralization steps are separated in space. He could therefore analyze these forming teeth one row at a time. Unfortunately, most biomineralization systems are not that amenable to studying transient phases, let alone highly unstable transient phases. Even today, with the availability of many more highly resolving analytical methods, and the ability to literally freeze chemical reactions in vitrified ice, it is still a major challenge to prove in vivo that the first mineral deposits are transient. We too however have a gut feeling, namely that transient disordered mineral phases are widespread in biomineralization.
